A spore germination inhibitor was isolated from the liquid-cultured material of Streptomyces sp. B-9-1, the causal organism of root tumors in melon, and identified as anthranilic acid, which reversibly inhibited spore germination, showed no effect on hyphal growth, and was effective for other Streptomyces spp. However, anthranilic acid showed an IC 50 at ca. 50 µg/ml, and its content in spores was 0.16 µg / 9×10 8 spores, indicating that its contribution to the inhibition of spore germination was small.
INTRODUCTION
Root tumor of melon is characterized by galls on the roots of the melon 1) . Symptoms in the above-ground part of melon are retardation of growth and wilting, and the plant is withered in severe cases. This disease was found in 1982 in the Kumamoto prefecture 1) and spread to other prefectures in Kyusyu, Shikoku and the main island, Honshu, of Japan 2) . The disease also attacks other cucurbitaceous plants such as cucumbers, pumpkins and bottle gourds.
The causal organism of this disease is an actinomycetes, but is distinguished from other phytopathogenic Streptomyces (such as pathogens of potato common scab or sweet potato soil rot) in morphological, cultural and physiological characteristics, and was identified as a new species of genous Streptomyces 3) .
In the life cycle of microorganisms, spores are an important life stage to survive a severe environment. Control of spore germination is of great importance for microorganisms starting their life cycle in an appropriate environment, while retaining spores in more severe environments. In several fungi, spore germination depends on the density, and is suppressed under crowded conditions 4) . The suppression is released by washing spores with water, and the germination rate improves with repeated washing. This phenomenon can be explained by the participation of a germination inhibitor which is stored in the spore, and by the removal of the inhibitor by washing. This phenomenon has been observed in over 60 fungal species to date and several self-inhibitors have been isolated and identified 5) .
In the pathogen of the root tumor of melon, Streptomyces sp. B-9-1, the germination rate of spores was ca. 80-90%, and rest of the spores remained ungerminated. Treatment of spores with a sodium dodecyl sulfate (SDS) solution or heat shock improved spore germination of Streptomyces sp. B-9-1 6) . The stimulative effect of these treatments suggested that a germination inhibitor had accumulated in the spores, and that above treatments released or decomposed the inhibitor.
Studies of self-inhibitors are of interest in understanding the regulatory mechanisms of spore germination. We also expect that investigation of self-inhibitors will lead to the development of new techniques that prevent or manage diseases. We therefore searched for germination inhibitors. Here we report on the isolation and identification of anthranilic acid as an inhibitor of spore germination in Streptomyces sp. B-9-1.
MATERIALS AND METHODS

Microorganisms
The pathogenic isolates causing root tumor of melon, Streptomyces spp. B-9-1, A-1, CB-1-1, KM-2-1 were isolated by Yoshida et al. 3) . Reference strains listed in Table  1 were obtained from The National Institute of Technology and Evaluation, Biological Resource Center (NBRC), Chiba, The Japan Collection of Microorganisms (JCM), RIKEN BioResource Center, Saitama or The American Type Culture Collection (ATCC), VA, USA. S. coelicolor A3(2) was supplied by Prof. Keith Chater of the John Innes Centre, UK.
Anthranilic Acid, a Spore Germination Inhibitor of Phytopathogenic Streptomyces sp. B-9-1 Causing Root Tumor of Melon
Bioassay for germination inhibitory activity
Streptomyces sp. B-9-1 was inoculated on 10 ml of yeast-starch (YS) agar medium solidified in a Petri dish (9 cm i.d.) and the Petri dish then incubated at 28 °C for 14 d 6) .
Sterilized distilled water (10 ml) was poured into the Petri dish and spores were scraped off the agar surface with an inoculating needle. The spore suspension was passed twice through a No. 2 filter paper to remove mycelial fragments, and diluted with sterilized distilled water to a density of 6.5 × 10 6 spores/ml.
A sample was put in a microtube as a CH 3 OH solution, and the CH 3 OH was removed in vacuo. To the microtube containing a sample, 300 µl each of spore suspension and YS broth medium containing 0.001% Triton X-100 were added and the sample then dissolved by sonication. The sample-containing suspension (60 µl) was pipetted into 1 line (8 wells) of a 96-wells microplate. After the plate was incubated at 28 °C for 48 hr unless otherwise stated, absorbance at 595 nm was measured with a microplate reader (Bio-Rad Model 550). Of the data from each of the 8 wells for one sample, the greatest and the smallest values were excluded and the mean value ± SD was calculated from the remaining 6.
The inhibition rate of spore germination at t hours after incubation (I t ) was calculated by the following equation; I t (%) = (1 − (S t − C 0 /C t − C 0 )) × 100 where C 0 is the absorbance just after the start of incubation in the control experiment, C t that of the control after incubation, and S t that of the sample experiment after incubation.
Extraction of germination inhibitors from spores
To the spore suspension (9 × 10 8 spores in 10 ml sterilized distilled water) obtained from one plate culture (9 cm i.d.) of Streptomyces sp. B-9-1, CHCl 3 (12.5 ml) and CH 3 OH (25 ml) were added and stirred vigorously. After standing until separation, the organic layer was recovered and concentrated in vacuo to obtain an extract (yield: ca. 0.73 mg).
Isolation of a germination inhibitor from liquid cultured material
Streptomyces sp. B-9-1 was cultured as follows; a seed culture was grown by transferring a loopful of Streptomyces sp. B-9-1 from an agar slant to 500 ml-shaking flasks containing 100 ml of YS broth medium. The inoculated flask was incubated on a reciprocal shaker (60 strokes/min) for 3 d at 28°C, after which 0.5 ml portions of the broth were transferred to 124 shaking flasks containing the same medium. Flasks were cultured for 6 d under the same conditions. Cultured material was treated as shown in Fig. 3 .
Microscopic observations of germination inhibitory activity
An aliquot of bioassay suspension incubated for 24-hr was put on a hemocytometer and observed under a phase contrast microscope (× 600). Numbers of germinated and ungerminated spores were counted and the germination rate was calculated from the data obtained from at least 100 spores. The experiments were performed in triplicate and the mean value ± SD was calculated.
Reversibility of germination inhibitory effect of anthranilic acid
A mixture of spore suspension (300 µl) and YS broth medium (300 µl) was incubated in the presence (100 µg/ml) or absence of anthranilic acid for 1 hour at 28°C. The suspension was centrifuged at 800 × g for 5 min at 25°C, and the supernatant (540 µl) discarded. Sterilized distilled water (270 µl) and YS broth medium (270 µl) were added to the residue and spores resuspended. This process was repeated twice. The spore suspension (60 µl) was dispensed onto a microplate and the plate incubated for 24 hr at 28°C. Germination of spores was assessed under a microscope in the same way as mentioned above. The experiment was repeated 3 times.
Effect of anthranilic acid on hyphal growth
Spore suspension was incubated in a similar manner as for the bioassay. Anthranilic acid (100 µg/ml) was added to the bioassay suspension at 0 and 24 hr after the start of the incubation. Absorbance at 595 nm was measured every 24 hr. The mean value ± SD was found from 3 replications.
Determination of anthranilic acid
Anthranilic acid content in spore or cultured material was analyzed by an HPLC method under the following conditions: column, Develosil ODS UG-5 (4.6 mm i.d. × 250 mm); solvent, CH 3 OH-H 2 O-AcOH = 30 : 70 : 0.1; flow rate, 1 ml/min; detection, UV 335 nm.
Spores were collected with glass beads by the method reported by DeJong and McCoy 7) ; Streptomyces sp. B-9-1 was cultured on agar medium in the same way as the preparation of spores for bioassay. Approximately 200 glass beads (4 mm in diameter) were placed on the surface of each cultured Petri dish, and were rolled around on the agar surface by gently tipping the Petri dishes. Spore-attached beads were collected from 10 Petri dishes and soaked in a mixture of CHCl 3 (25 ml), CH 3 OH (50 ml) and distilled water (20 ml) for 48 hr at room temperature. The suspension was concentrated in vacuo to remove the organic solvent, and the residue extracted with EtOAc to obtain the EtOAc-soluble extract. The residual agar-cultured material that the spores were harvested from was extracted twice with acetone for 48 hr. The extract was filtered through a No. 2 filter paper and the filtrate concentrated in vacuo; the residual aqueous solution was then treated with EtOAc to obtain an EtOAc-soluble extract. Extracts of spores and residual agar-cultured material were dissolved in CH 3 OH and analyzed by HPLC.
Effects of anthranilic acid on various Streptomyces spp.
Streptomyces spp. were cultured on agar medium suitable for spore formation 8) , as shown in Table 1 , at 28°C for 14 d. Spore suspension of each strain was prepared the same way as described above. The effect of anthranilic acid was examined at 100 and 200 µg/ml, and observed under a phase contrast microscope after incubation for 24 hr.
RESULTS
Presence of germination inhibitor in spores
The time course of spore germination was followed by the change of absorbance of the spore suspension. Absorbance was unchanged until 24 hr after initiation of incubation, then rose rapidly, and leveled off at 48 hr (Fig.  1) .
The spore germination process was observed under a phase contrast microscope. Spore germination was observed at 3 hr after initiation of incubation, and was completed by 24 hr. Spores that were ungerminated at this time (ca. 17%) did not germinate afterwards, while germinated spores extended hyphae.
When the crude extract (ca. 0.73 mg), obtained from spores on a cultured Petri dish (9 cm i. d., 10 ml of agar medium), was used for a bioassay (600 µl), no increase in absorbance was observed, even after 60-hr incubation (Fig.  1 ). This result showed that a germination inhibitor was present in spores and that the inhibitor could be extracted with an organic solvent. From these results, inhibition of spore germination was judged by the absorbance at 48 hr after initiation of incubation and was used as a guide for purification of a spore germination inhibitor.
Inhibition of spore germination was examined at various concentrations of the extract. The inhibition rate, calculated by the equation set out in Materials and Methods, became higher as the concentration of the extract increased, and 50% inhibition was observed at a dose equivalent to the extract obtained from ca. 1/10 of a cultured Petri dish for bioassay ( Fig. 2) . Fig. 1 Changes in absorbance and inhibitory effects of spore extract in the germination process of Streptomyces sp. B-9-1 spores. The spore germination process was monitored by the absorbance at 595 nm in the absence ( ) or presence ( ) of spore extract.
Isolation of the spore germination inhibitor from liquid-cultured material
The presence of a germination inhibitor in spores have been demonstrated in the above experiments. However, the size of Streptomyces spores is very small, making it difficult to collect a large amount of spores to perform chemical research such as isolation and structure elucidation on the active principle. Thus, for identifying the spore germination inhibitor of Streptomyces sp. B-9-1, the candidate for self-inhibitor of spore germination was first searched for in liquid-cultured material, isolated, and structurally characterized, and then the role of the isolated substance in the germination process was verified by examining whether the substance was present in the spores.
A preliminary search for germination inhibitor was performed using 6-day old liquid-cultured material of Streptomyces sp. B-9-1 in YS broth medium. The germination inhibitory activity was observed in the EtOAc-soluble acidic extract of the filtrate but not in the mycelial extract.
Cultured material was treated as shown in Fig. 3 with the guidance of the bioassay for germination inhibitory activity. In the silica gel column chromatography, strong activity was found in the CHCl 3 fraction and a slightly weak activity in the 3% CH 3 OH-CHCl 3 fraction. The former fraction was then purified by ODS silica gel column chromatography. Comparable activity was found in 20% and 40% aq. CH 3 CN containing 0.1% AcOH fraction. ODS-HPLC analysis showed that the strong inhibitory substance in the 20% aq. CH 3 CN fraction was not contained in the 40% aq. CH 3 CN fraction, and that several weak inhibitory substances were contained in the 40% aq. CH 3 CN fraction (data are not shown). Thus, the major inhibitory substance in the 20% aq. CH 3 CN fraction was purified by preparative HPLC, and resulted in 9.7 mg of active principle from 12.4 liters of cultured material.
Identification of the spore germination inhibitor as anthranilic acid
EI-MS spectrum of germination inhibitor showed peaks at m/z 137, 119 and 92. 13 From these data, the spore germination inhibitor was shown to be o-aminobenzoic acid (anthranilic acid, Fig. 4 ).
EI-MS data, 13 C-and 1 H-NMR spectra of authentic anthranilic acid coincided with those of the isolated germination inhibitor.
Germination inhibitory activity of anthranilic acid
A bioassay for purification of the germination inhibitor from liquid-cultured material was performed during the increase in absorbance at 595 nm after 48-hr incubation. This method was excellent as it involved a simple operation and had applicability to many samples at one time. On the other hand, the method lacks accuracy in distinguishing between germination and hyphal growth. Thus, microscopic observation was performed on the 24-hr incubated spores under various concentrations of anthranilic acid. Fig. 2 Dose-dependence of the germination inhibitory effect of spore extract. The inhibition rate was determined by absorbance at 595 nm. Doses of the spore extract are shown as the number of cultured Petri dishes (9 cm i.d.) that were used to obtain the extract for one bioassay procedure. Inhibition rates of germination increased as the concentration of anthranilic acid increased ( Fig. 5 ) and anthranilic acid showed no effect on the morphology of the growing mycelia. The dose-response curve of the isolated germination inhibitor was the same as that of anthranilic acid (data are not shown). The IC 50 value of anthranilic acid was ca. 50 µg/ml.
Reversibility of germination inhibitory activity of anthranilic acid
A self-inhibitor of spore germination is defined as a "substance which reversibly inhibits spore germination and germination restart when the substance was removed from spores or its surroundings" 5) . We examined whether the inhibitory effect of anthranilic acid was canceled by washing by centrifugal treatment and replacement of the medium.
In the control experiments without anthranilic acid, the washing treatment had no effect on germination rates (without washing treatment: 62% (Fig. 6A, left) , with washing treatment: 58% (Fig. 6B, left) ). These results showed that the washing treatment had no influence on the germination process. The presence of anthranilic acid (100 µg/ml) throughout the incubation period resulted in a 13% germination rate (Fig. 6A, right) . However, in the experiment with 1-hr incubation in the presence of anthranilic acid and subsequent washing, the germination rate returned to 52% (Fig. 6B, right) . Thus, anthranilic acid reversibly inhibited spore germination, but did not destroy spores.
Effect of anthranilic acid on hyphal growth
A spore germination inhibitor should not inhibit hyphal growth; so the effect of anthranilic acid on hyphal growth was examined by administration at 24 hr after incubation had started and the point at which most spores had germinated; the time course of absorbance in the bioassay was examined by adding 100 µg/ml anthranilic acid at 0 and 24 hr.
As a result, addition of anthranilic acid at the beginning of the incubation did not stimulate any increase of absorbance. When anthranilic acid was added at 24 hr after incubation, at a time when most spores had germinated, elevation of absorbance started a little behind that of the control experiment, but the rate of increase was similar to that of the control over 48 hr (Fig. 7) .
The results showed that anthranilic acid did not affect hyphal growth, i.e., anthranilic acid selectively inhibited spore germination.
Determination of anthranilic acid in spores of Streptomyces sp. B-9-1
To investigate whether anthranilic acid, which was isolated from liquid-cultured material, was contained in spores, spores were collected with glass beads from the agar-cultured material and the extract was analyzed by ODS-HPLC ( Fig. 8 ). Anthranilic acid in the residual agarcultured material from which spores were harvested was also analyzed. The spore extract showed a peak at 14.9 min, which was the same retention time as authentic anthranilic acid, and the UV spectrum of the peak showed a λ max at 335 nm, which was identical to that of anthranilic Effect of anthranilic acid on spore germination and hyphal growth.
Anthranilic acid was added at the start of incubation ( ) or after 24 hr ( ). Results of control experiment without anthranilic acid is shown by . acid. The amount of anthranilic acid in 9 × 10 8 spores that had been obtained from one Petri dish (9 cm i.d.) was 0.16 µg. The anthranilic acid content in the residual agar-cultured material was 0.38 µg in the extract obtained from one Petri dish. In the non-inoculated YS agar medium, anthranilic acid content was less than 0.001 µg per Petri dish.
The concentration of anthranilic acid in the liquid-cultured material was 0.97 µg/ml.
Effects of anthranilic acid on other Streptomyces spp.
Anthranilic acid is an intermediate in tryptophan biosynthesis and dissimilation, so it is conceivable that anthranilic acid is produced by most Streptomyces species and is involved in their germination processes. Thus, the spore germination inhibitory effects of anthranilic acid on other Streptomyces species were also investigated.
The inhibitory effects of anthranilic acid on strains causing root tumor of melon varied with strain at 100 µg/ml, but was complete at 200 µg/ml (Table 1) . A similar tendency was observed in most of other Streptomyces spp. examined.
DISCUSSION
The sole precedent of a germination inhibitor in actinomyces, germicidin ( Fig. 9 ), is that reported by Ensign et al. in Streptomyces viridochromogenes NRRL B-1551 9) and its structure was determined by Zahner et al. 10) . Germicidin was also isolated from liquid-cultured material, as was the case with anthranilic acid; however, details such as its presence in spores, the reversibility of its action, or its effect on hyphal growth were not reported.
In this study, a spore germination inhibitor was isolat-ed from liquid-cultured material of the causal organism of root tumor of melon, Streptomyces sp. B-9-1, and was identified as anthranilic acid, which reversibly inhibited spore germination ( Fig. 6 ) but showed no effect on hyphal growth (Fig. 7) . These results show that anthranilic acid has the required characteristics of a germination inhibitor. Anthranilic acid is known as an intermediate in tryptophan biosynthesis and dissimilation; thus, it must be produced by many actinomycetes. That anthranilic acid accumulates as actinomycetes grow; and consequently result in spore diapause is deducible. This theory is also a rational explanation for anthranilic acid being effective in many Streptomyces spp. (Table 1) . Anthranilic acid, however, needed rather high concentrations for it to inhibit spore germination, and the IC 50 value was 50 µg/ml. The content of anthranilic acid in spores obtained from one Petri dish was 0.16 µg. In the bioassay where the extract of spores from one Petri dish was used for one bioassay procedure, germination was completely inhibited (Fig. 2) , but under these conditions, the concentration of anthranilic acid in the bioassay suspension was 0.27 µg/ml (0.16 µg/600 µl). These results show that the contribution of anthranilic acid in spores for inhibition of spore germination is small. As the concentration of anthranilic acid in the liquid-cultured material was 0.97 µg/ml, which is 18 times higher than that of the agar-cultured material (spore + residual agar-cultured material = 0.16 + 0.38 µg/10 ml), our strategy to search for the spore germination inhibitor in the liquid-cultured material first eventually resulted in the isolation of anthranilic acid.
In the course of purification of the germination inhibitor from liquid-cultured material, there were some fractions that showed activity comparable with the anthranilic acidcontaining fraction (e.g. the 3% CH 3 OH-CHCl 3 fraction in silica gel and the 40% aq. CH3CN fraction in ODS column chromatography) or less active fractions (e.g. the 60% and 80% aq. CH 3 CN fractions in ODS column chromatography). Therefore, there is a possibility that the inhibitor in the spores is contained in these fractions. To isolate the true inhibitor, the peak of the inhibitor in spores should be identified in the spore extract and subsequently purified from the liquid-cultured material.
